OBJECTIVE: Leptin, the product of the ob gene, is present in higher concentrations in blood of obese subjects than of lean subjects. There is scarce information on the role of leptin in the pathogenesis of human obesity and little is known about leptin serum levels in obese children. DESIGN, SUBJECTS AND MEASUREMENTS: To evaluate the in¯uences of age, sex, pubertal development and weight excess on serum leptin levels, we have studied 390 obese subjects (OS) and 320 normal weight subjects (NWS) aged 5±16 y. Fasting insulin concentrations were assayed in NWS, and an oral glucose tolerance test was carried out in OS and total insulin area under the curve (TIA) was calculated. RESULTS: Log-transformed values of leptin serum concentrations appeared to be distributed according to an acceptable Gaussian pattern. As observed in adults, serum leptin concentrations in children and adolescents were also increased (4±5 times) in OS as compared to NWS. In both males and females, subdivided according to pubertal stages, serum leptin varied signi®cantly in stage IV±V as compared to the lower stages, with a reduction in males and an increase in females. On comparing the two sexes, greater serum leptin concentrations were observed in females of both NWS and OS. A signi®cant linear correlation was found in both groups, subdivided according to sex and pubertal stage, between log values of serum leptin and standard deviation scores (SDS) of body mass index (BMI), and logtransformed relative body weight (RBW). Using partial correlation analysis in subjects subdivided according to sex and pubertal stages, log values of serum leptin and fasting insulin values, adjusted by age and SDS of BMI, correlated signi®cantly with a weaker correlation in males than in females. In OS, the leptin concentrations correlated better with TIA than with fasting insulin. A weight reduction program (WRP) was carried out in 141 OS and signi®cant reductions of serum leptin and fasting insulin were observed, showing a reduction of RBW. There was a correlation between the reduction of RBW and of serum leptin, but not of fasting insulin. No variation was found in non-responsive OS. RBW reduction correlated with leptin, but not with insulin (fasting and TIA), evaluated before the therapeutic program started. CONCLUSION: As observed in adults, obese children and adolescents have higher serum leptin concentrations. However, several conditions should be taken into account when evaluating leptin concentrations in children. There are differences, independent of BMI, relative to pubertal stage and sex, females having greater leptin concentrations than males. There is evidence of a possible role for leptin in the effectiveness of a weight reduction program in OS.
Introduction
The obesity gene (ob) in mice encodes a protein produced by adipose tissue (leptin) which regulates body weight. 1 Under experimental conditions, leptin affects the central nervous system and tends to reduce appetite and increase energy expenditure. 2, 3 Numerous studies have shown an increased expression of the ob gene (mRNA-leptin) in adipocytes or a marked increase in serum leptin concentration of obese subjects relative to lean subjects; a positive correlation with the body mass index (BMI) has been reported.
4±11
There is a similarity between the results of human studies on leptin and the overexpression of mRNAleptin in obese mice and other animals with genetically determined obesity (Zucker rats) or with hypothalamic lesions.
12±18 mRNA-leptin expression in body fat and circulating protein seem to be in¯u-enced by food intake; hypocaloric diet or fasting; by variations in body weight; 8,19±22 by insulin 9,19,21,23±29 and sensitivity to insulin; 18, 21, 25, 26 by the sympathetic nervous system 30 and by corticosteroids. 31 The correlation between leptin and growth or pubertal development in humans has not been de®ned, and studies on obesity in children and adolescents are limited. To examine the in¯uence of age, sex, pubertal development and variations of the nutritional status on serum leptin concentrations, a large number of obese children (OS) and adolescents and normal weight subjects (NWS) were studied. The relationship between insulin and leptin was also examined.
Although BMI may not be an ideal indicator of the adiposity status and, in particular, of the percentage of fat mass, it does not appear to be less valuable than other indices that have been adopted for children (skinfold thickness measurement, bioelectric impedance, etc.). In fact, otherwise applicable complex or costly methods are unpractical for large-scale studies. Therefore, as in epidemiological studies, BMI is considered a suitable index for studies with a large number of subjects 32±34 In this study, BMI was adopted for the evaluation of the nutritional status of NWS and OS together with other anthropological measurements of body adiposity.
Subjects and Methods

Recruitment of obese and normal-weight subjects
Our study included 397 OS (229 male and 168 female) and 315 NWS (145 male and 170 female), aged 5±16 y, admitted to the Pediatric Clinic of the Hospital of Terni for minor diseases or for previous diagnosis not con®rmed. Subjects were excluded from the study if any of the following conditions were present: acute pathologies (febrile diseases, traumas, seizures, etc.); dysmorphic pathologies; drug therapy; lesions of the central nervous system and clinical conditions that could affect the endocrine and metabolic status or growth (weight and stature with the exception of common obesity) or the pubertal development. For statistical analysis, the following parameters were used to distinguish NWS from OS: Quetelet's index or BMI (weight in kg divided by the square of the height in m) as computed using the tables of Rolland-Cachera et al 35 (RBW (ABW/IBW) 6 100). Testicular volume was measured using a Prader orchidometer, choosing the larger testis when the sizes of the two testes were not identical. A testicular volume 4 ml was considered indicative for the onset of puberty. NWS were selected according to the following criteria: RBW between 85±115%, BMI and triceps skinfold in the range of the 25th and 75th percentile. OS were examined before nutritional or therapeutic intervention had been started and showed the following anthropological measures: RBW b 130%, BMI b 95th percentile, and triceps skinfold b 90th percentile. The vast majority of OS were part of a populationbased survey on growth of school children in three counties of central Italy (Perugia, Terni and Rieti) participating in a program of diagnostic evaluation and therapeutic approach, as reported elsewhere. 38 There were no ethnic differences, nor differences in socio-economic status or living conditions between OS and NWS.
To study the in¯uence of RBW reduction, 141 OS (82 male and 59 female), aged 8±13 y, were also evaluated during a weight reduction program (WRP). Modi®cation of eating behaviour and reduction of calorie allowance (20±30% reduction of the energy intake appropriate to age), together with an increase of physical activity and an educational program, were all proposed. The subjects were seen at 1± 2 month intervals and dietary advice or adjustment were suggested when necessary. A reduction of the relative body weight (RBW before 7 RBW after) over 15% was obtained after an observation period of 6±10 months in 92 OS (56 male and 36 female), who were de®ned as responsive OS. An additional 49 OS (26 male and 23 female), with persistent or increased RBW values after a 6±10 month period, were included in the study (non-responsive OS).
Informed consent was obtained from the parents of the children included in this study. The study was carried out in collaboration with the three county Directors of Education and approved by the Ethics Committee of the Region of Umbria.
Serum sample collection and stimulation tests
All subjects were requested to maintain their normal diet 8±10 d before testing. Blood samples were collected during routine analysis after overnight fasting. Sera were separated and stored at 730 C until determination of leptin. Serum insulin was assayed in all NWS, while oral glucose tolerance test (OGTT: 1.75 g glucose/kg BW, max 75 g) was performed on all OS and blood samples were collected at 0, 30, 60, 90 and 120 min to assay blood glucose and serum insulin concentrations. OS with abnormal glucose tolerance by OGTT were not included in the study. Total insulin area (TIA) under the curve of OGTT was computed by trapezoidal integration of the values at 0, 30, 60, 90 and 120 min.
Two samples of blood to assay fasting leptin and insulin serum values were taken before (sample 1) and at the end (sample 2) of the observation period of a WRP in both the responsive and non-responsive OS. Adiposity indices were recorded on the two occasions. During the last 8±10 d of the observation period, the subjects were requested to assume a balanced food intake in order to maintain their weight.
Methods
Serum leptin concentrations were measured by radioimmunoassay (RIA) 39 using a commercial kit (Linco Research Inc, St Charles, MO, USA). The inter-and intra-assay coef®cients of variation (CV) were 6.8%. Insulin serum concentrations were measured by RIA using a commercial kit (Bouty, Cassina de Â Pecchi, Italy).
Statistical analysis
Analysis of variance (ANOVA); paired and unpaired t-test (the Bonferroni correction was used for the t-test when multiple comparisons were performed); Wilcoxon rank test; linear regression and partial correlation analysis were performed using Statgraphics software (Graphic Software System, Rockville, MD, USA). The level of statistical signi®cance was set at P`0.05. The statistical requirements for meeting normal (Gaussian, with mean 0 and s.d. 1) distribution were assessed by Kolmogorov-Smirnov test and logarithmic transformation was used when necessary.
The distribution of BMI at any particular age tended to be positively skewed. In order to obtain normalized distribution, the s.d. score (SDS) of BMI was calculated, using the Box-Cox power transformation according to the methods of Cole 40 and Cole and Green. 41 The equation to calculate an exact SDS is:
The smoothed L (Box-Cox power), M (median) and S (coef®cient of variation) values at six month intervals were kindly supplied by Dr Rolland-Cachera et al 35 for the BMI values reported in their paper and they were also used to calculate the percentiles. Furthermore, we found that the logarithmic transformed values of BMI showed an acceptable Gaussian distribution when NWS and OS were examined separately.
Results
Auxological and pubertal data, and insulin (fasting, in NWS and OS, and TIA, in OS) values are reported in Table 1 . Age showed a Gaussian curve of distribution in all pubertal stages and the means s.d. were similar between NWS and OS of both sexes.
Fasting insulin and TIA were also normally distributed. On comparison with NWS, fasting insulin values were signi®cantly higher in OS of both sexes (P`0.05) at each pubertal stage, with the exception of stages IV±V in males and stages III and IV±V in females. There were no signi®cant differences between the two sexes in the two groups, except for male NWS in stage III (P`0.05), who had fasting insulin values lower than those of the females. Analysis of variance (ANOVA) for fasting insulin was signi®cant in female NWS (F 5.17, P`0.01), but not in males. The Bonferroni-corrected t-test for multiple comparisons among the pubertal stages in both groups, subdivided according to sex is reported in Table 2 . ANOVA for TIA in OS was signi®cant in both sexes (males, F 3.77, P`0.05; females, F 3.5, P`0.05) with greater values in males at stage III with respect to stage I (P`0.05).
The statistical requirement for meeting normal distribution was not achieved for leptin serum concentrations, that tended to be skewed toward the right tail in both groups, as a whole and when subdivided into the several pubertal stages of both sexes. Median values and interquartile range are reported in Table 1 . However, log-transformed values of serum leptin had satisfactory standard distribution. The means and s.d. in both groups, subdivided according to pubertal stage and sex, are reported in Figure 1 . Serum leptin logtransformed values in OS were signi®cantly greater than in NWS at all pubertal stages in both sexes. When comparing the two sexes, log-leptin serum values were higher in females of the two groups at all pubertal stages, with the exception of stage II in OS. Using ANOVA, serum leptin varied signi®cantly in relation to pubertal stage both in NWS (males, F 5.94, P`0.01; females, F 5.05, P`0.01) and OS (males, F 4.59, P`0.01; females, F 3.33, P`0.05). Differences existed among the several stages when the Bonferroni-corrected t-test was used and the results are reported in Table 2 . Particularly, serum leptin values varied signi®cantly in stage IV±V as compared to the lower stages, when a reduction was observed in males and an increase in females of both groups.
In NWS, a signi®cant correlation between logtransformed leptin serum concentrations and age was observed, which was negative in males (r 70.213, P`0.01) and positive in females (r 0.221, P`0.01). In OS, the correlation was signi®cant only in females (r 0.376, P`0.01).
As BMI increased steadily with age, a linear regression analysis was carried out between log-leptin and SDS of BMI and RBW (log-transformed in order to achieve a satisfactory standard distribution). The correlation was signi®cant in both groups, either on considering all subjects, or after subdivision according to sex or after grouping the subjects respectively into stage I, stage II±III and stage IV±V, with the exception of NWS females at stage II±III. The correlation was stronger between serum leptin values and SDS of BMI than between serum leptin values and log-RBW, in all subdivisions (Table 3) . In order to examine the in¯uence of both pubertal development and BMI upon serum leptin concentrations, a partial correlation analysis was computed separately in the subjects of both sexes of the two groups, correlating log-leptin serum values with pubertal stages (I±V) and with log-BMI. The analysis demonstrated in female NWS, a correlation between pubertal stages and leptin (r 0.489, P`0.01) stronger than between log-BMI and leptin (r 0.363, P`0.01). The correlation of leptin was stronger with BMI than with pubertal stages in all other subgroups (male NWS, r 0.506 and r 70.419, respectively, P`0.01; male OS, r 0.408 and r 0.268, respectively, P`0.01; female OS, r 0.677, P`0.01, and r 0.089, NS, respectively). Leptin serum levels in normal weight and obese children A Falorni et al 
Figure 1 Log-leptin serum values (mean AE s.d.) in obese subjects (OS) (open bars) and normal weight subjects (NWS) (black bars)
according to sex and pubertal stages. jj P`0.01 relative to NWS vs OS. * P`0.05 relative to males vs females. ** P`0.01 relative to males vs females.
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The correlation between log-leptin and fasting insulin, adjusted according to age and SDS of BMI, was carried out using partial correlation analysis in subjects grouped in stages I, II±III and IV±V. In OS, TIA was correlated separately. The results are recorded in Table 4 . A signi®cant correlation was observed between the two variables in both groups as a whole; when the sexes were examined separately, the correlation was signi®cant for fasting insulin only in female NWS, and in both sexes for TIA. A signi®cant correlation of leptin with fasting insulin in females of both groups was also observed for some, but not all, of the pubertal stages.
Evaluation of the in¯uence of WRP
Log-RBW, weight, height, SDS of BMI, triceps skinfold, log-leptin serum values, and fasting insulin before (sample 1) and after (sample 2) the WRP are reported in Table 5 , in addition to the values of TIA in Table 3 Pearson correlation analysis between log-leptin serum values, SDS of body mass index (BMI) and log-relative body weight (RBW) in normal weight and obese subjects Table 4 Partial correlation analysis between log-leptin serum values and fasting insulin in normal weight and obese subjects, and total insulin area (TIA) in obese subjects, adjusted for age and SDS of body mass index (BMI) TIA and fasting insulin were tested one at a time and separately.
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OS.
Responsive and non-responsive OS were grouped separately. There was no difference between each variable in responsive and non-responsive OS before the observation period, with the exception of height and weight. A signi®cant reduction of body weight, log-RBW, SDS of BMI, triceps skinfold, log-leptin, and fasting insulin serum concentrations was observed at the end of WRP in responsive OS but not in nonresponsive OS. In responsive OS, linear regression analysis showed a signi®cant correlation between the delta values (values before, minus values after, the WRP) of log-leptin and of SDS of BMI (r 0.398, P`0.01), and log-RBW (r 0.389, P`0.01), and between delta log-leptin and delta fasting insulin (r 0.238, P`0.05). No signi®cant correlation existed between the delta values of fasting insulin and of log-RBW and of SDS of BMI. Linear regression analysis was carried out between delta log-RBW and age, sex (as a`dummy' variable with males 1 and females 2), pubertal stage, length of the observation period (d), SDS of BMI, log-leptin serum levels, insulin (fasting serum values and TIA) before the WRP (sample 1) started. The correlation appeared to be signi®cant only for logleptin and pubertal stage. The analysis was also performed by partial correlation analysis, that was computed correlating delta log-RBW with the same variables. The analysis was carried out in two steps. In step 1, the analysis was computed correlating age, sex, pubertal stage, observation period and SDS of BMI, given the rest of the same set. In step 2, log-leptin, fasting insulin, and TIA were added one at a time in separate analyses. In this procedure each of the partial correlations was conditional on all other variables in each analysis. A signi®cant correlation was observed only with serum leptin concentrations ( Table 6 ).
Discussion
The identi®cation in humans of the homologous ob gene in mice, together with the availability of methods for detecting its protein product, leptin, in serum allow for more adequate study of the pathophysiology of obesity. In this study, OS and NWS children and adolescents were selected using the adiposity indices (BMI, RBW, triceps skinfold thickness) routinely used for child evaluation. As observed in other studies, 5±10 in this study serum leptin values of OS were also signi®cantly higher (3±4 times) than in NWS, both in overall comparison and on correlating sex and Median and interquartile range; * P`0.05 differences before and after follow-up; ** P`0.01 differences before and after follow-up. stage of pubertal development. The large number of subjects in this study strengthens the result of a recent study 10 on 70 obese children and adolescents compared with 30 normal weight subjects, and allows for detailed examination of the role of sex, age, pubertal development and nutritional status.
Leptin values tended to follow a normal Gaussian distribution when log data were used. These results, also reported in other studies, 8 were observed in NWS and OS and in each subgrouping according to sex and pubertal stage, thus con®rming that it was not related to subject selection. In accordance with previous studies, 7, 8 leptin values showed a strong correlation with BMI both in NWS and OS. The correlation persisted even when the two groups were subdivided according to sex and pubertal stages, with the exception of grouped stages II±III of NWS females. A wide variability in serum leptin concentrations has been reported relative to BMI and other indices of body fat, 8 such that attention has been called to the role that other factors may have on leptin production and serum concentration. Our study shows that sex is a source of variability in serum leptin in children. Although BMI values were similar, higher leptin concentrations were found in females in all the different pubertal stages, with the exception of stage II in OS. This ®nding was also reported in some other studies on leptin serum concentrations in children, 10,42 but was not con®rmed by Gill et al. 43 However, the results of Blum et al 42 and of Gill et al 43 are reported as abstract, and no distinctions appear to have been made between normal weight and obese subjects. For this reason a comparison with the results of our study is limited. Hassink et al 10 also reported that serum leptin concentrations in children and adolescents tended to be higher than in adults. In our study, no comparisons were made between leptin values in children and adolescents and adult subjects. A discrepancy between the two genders was observed both in NWS and OS in stage IV±V, when serum leptin decreased in males with respect to previous pubertal stages, while there was a further increase in females. As a consequence, the correlation between serum leptin and age was negative in male NWS and positive in female NWS. This could be attributed to the fact that in the ®nal stage of pubertal development, even though the BMI was similar between the two sexes, males are inclined to have a greater lean body mass and females a greater fat mass. Our study also demonstrated a difference between the two sexes as to the relationship between leptin and gonadal development. Such a relationship in female NWS appears to be stronger than between serum leptin and BMI. The relationship between leptin and factors related to pubertal development remains to be established. Studies in ob/ob mice have demonstrated an independent role of leptin upon the reproductive axis in both sexes. 44, 45 Several studies provided evidence for a role of insulin in the expression of the ob gene, possibly as a result of a relation with food intake. 21, 27, 28 We found that when adjusted by age, sex and BMI, fasting insulin would correlate with leptin only in selected pubertal stages and mostly in females. OS showed a stronger correlation when TIA was considered for both genders. A possible effect of insulin on leptin production is still a matter of debate. Although acute effects have been considered as unlikely, 9,21,27,28 a prolonged exposure to insulin might in¯uence leptin. 25, 27 Our data would be in agreement with those observations, as the insulin increase during OGTT, more than fasting insulin, probably re¯ects the daily insulin production in relation to meals and therefore re¯ects longer term effects on leptin values in the morning.
Weight loss by food restriction is associated with a reduced leptin production by adipocytes in ob/ob and wild-type mice. 7, 20, 23 A signi®cant reduction in circulating leptin has also been reported in humans upon weight loss, although only in limited groups of adult obese subjects. 7, 8 The latter ®nding was con®rmed by this study with a larger number of obese children and adolescents enrolled in a weight reduction program. In contrast to what was observed in non-responsive OS, the RBW reduction in responsive OS was associated with decreased serum concentrations of leptin and insulin. However, linear regression analysis for responsive OS showed an association between the extent of reduction of RBW and log-leptin and pubertal stage, but not between RBW reduction and the extent of reduction of fasting insulin. A positive correlation was also observed between reduction of log-leptin and fasting insulin. We also examined the relationship between initial levels of insulin (fasting and TIA) and of leptin and the changes in RBW upon completion of the WRP. Contrary to what was observed in a previous study, 46 no signi®cant correlations were observed for insulin, a positive correlation was instead observed between RBW reduction and initial serum leptin concentrations.
Conclusion
Our study strengthens the idea of higher leptin concentrations in sera from obese children and adolescents relative to normal weight controls. Differences were observed in relationship to gender and pubertal development. A trend towards reduced leptin concentrations was observed in normal weight and obese males, in stage IV±V, but not in females. Serum leptin values were greater in females than in males. The correlation of leptin with insulin seems to be prevalent in females. However, the variability of the signi®-cance and the differences between the two sexes in the number of subjects in the various groups, do not permit any conclusions as to whether this correlation has a different signi®cance in females, compared with males, with regard to the relationship between leptin and pubertal development.
Although a role for leptin in the pathogenesis of human obesity is yet to be de®ned, leptin can be envisioned as a reliable indicator of adiposity status. Our study indicated that serum leptin may somehow correlate with compliance to WRP in children and adolescents. Zannoli et al 46 proposed that reduction of excess weight may be favoured by a larger amount of body fat in obese children. Should leptin be taken as an indicator of body fat, the correlation between leptin (even when adjusted for anthropological indices) and OS response to treatment would be in accordance with this hypothesis. However, in the face of the multiplicity of factors (familial, psychological, environmental, life style) affecting the OS response to treatment, continued investigations into this issue appear to be warranted on more homogeneous groups of OS, for longer periods of time, perhaps resorting to more sophisticated means of assessment of body fat.
